A low-profile broadband dual-polarized antenna with high isolation and low cross polarization is presented in this letter. The proposed antenna employs two different feeding mechanisms. On one hand, two out-of-phase probes loaded with two small circular patches make the proposed antenna operate in horizontal mode. On the other hand, two pins connecting two eyebrow-shaped patches and the ground form a magnetic loop which enables the proposed antenna to achieve vertical polarization. By elaborately adjusting the feeding structures, measurements demonstrate that the proposed antenna not only achieves 10-dB return loss bandwidths of 49% (1.7-2.8 GHz) and 28% (2-2.65 GHz) for port 1 and port 2, respectively, but also maintains a high isolation better than 32 dB over the entire common frequency band. Meanwhile, within the main lobes, the cross polarization levels, both in E-plane and in H-plane, stay lower than −25 dB for port 1 and −20 dB for port 2. In addition, the proposed antenna with a profile of 0.13λ 0 achieves the maximum gains of 8.4 dBi for horizontal polarization and 8.2 dBi for vertical polarization.
INTRODUCTION
Dual-polarized antenna is gaining ever increasing interest recently, owing to its abilities to mitigate the multipath fading problem and increase channel capacity. Moreover, it could also be employed as dual-polarized multiple-input-multiple-output (MIMO) antennas, instead of two spatially separated antennas with single polarization [1] [2] [3] . In modern communication systems, antennas with polarization diversity are highly desired. For a dual-polarized antenna to work effectively, high isolation, low crosspolarization level and stable gain are demanded. Actually, there exists great difficulty in achieving all these performances simultaneously. Many studies have been performed to design favorable dualpolarized antennas. As shown in [4] [5] [6] , stacked patches, as a classical antenna type, could achieve dual polarizations with the aid of aperture coupling. In the open literature [7] , an antenna fed by two different feeding methods achieves high isolation and low cross polarization. However, its bandwidth is only 14%. Though another antenna in [8] achieving dual polarizations by exploiting the even and odd modes of a CPW structure has a wide bandwidth, it cannot avoid high cross polarization.
In this paper, we present a new design for a broadband dual-polarized printed antenna fed by two different input ports (See Figure 1 ): port 1 belonging to electrical feed and port 2 being attributed to magnetic feed. The electro-magnetically feeding structures mounted orthogonally are introduced to form a dual-polarized antenna with wide bandwidth and high isolation. Due to the two out-of-phase probe feeds located in the same resonant direction and at symmetric positions with respect to the patch center, some unwanted higher order modes that contribute to polarization impurity can be suppressed [9, 10] . As expected, the proposed antenna keeps low cross-polarization levels within the main lobes across the entire common frequency band. 
ANTENNA CONFIGURATION AND DESIGN
The proposed antenna whose profile is 0.13λ 0 (λ 0 is the free space wavelength at the center frequency), as shown in Figure 1 , has a rectangular radiating patch with an area of 46 mm × 40.5 mm printed on the top of substrate 1. Besides the patch, the proposed antenna is basically made up of electro-magnetically feeding mechanisms. Firstly, two out-of-phase probes directly connect with two small circular patches with the same radius of 1.2 mm, which then couple the energy to the rectangular radiating patch. This forms electrically-fed antenna. The rectangular radiating patch and the small circular patch located on the bottom of substrate 1 can produce an appropriate capacitance for counteracting the inductance caused by the long probe so as to achieve a sufficiently wide operating band. A divider (as illustrated in Figure 1(d) ) makes the two probes differ 180 • in phase so that the proposed antenna maintains low cross polarization level. Secondly, two eyebrow-shaped patches, which are also symmetrically printed on the bottom of substrate 1, are connected to the ground by two pins, thus forming a magnetic loop. Moreover, as shown in Figure 1 (c), the two eyebrow-shaped patches are separated by a gap where a balun (See Figure 1(b) ) is located. When excited, such a magnetic loop will also couple the energy to the rectangular radiating patch. This forms magnetically-fed antenna. These two different feeding structures are orthogonally located with respect to the center of the antenna, thus shaping the broadband dual-polarized printed antenna. In addition, the proposed antenna has three 1-mm-thick FR4 substrates, all of which possess the dielectric constant (ε r ) of 4.4 and the loss tangent (tan δ) of 0.02.
SIMULATION AND MEASUREMENT RESULTS
In order to have an insight into the influence of different parameters on the antenna, simulations have been conducted by HFSS 13.0. In the following discussion, when one parameter varies, the others stay invariable. To verify the design, a prototype of the proposed antenna with the finally optimized parameters has been built and measured. Figure 2 shows photographs of the proposed antenna.
Analysis of S-Parameters
The measured and simulated S-parameters for the two feeding ports of the proposed antenna are depicted in Figure 3 . The measured impedance bandwidths, determined by −10 dB, are 49% (1.7-2.8 GHz) and 28% (2-2.65 GHz) while the simulated impedance bandwidths are 43.5% (1.8-2.8 GHz) and 26.5% (2-2.61 GHz) for port 1 and port 2, respectively. Besides a wide common frequency band, the proposed antenna also achieves a better isolation higher than 32 dB between the two ports over the entire common bandwidth. As seen from Figure 3 , good agreement lies between the simulated and measured S-parameters, including the reflection coefficient and isolation. The slight discrepancy may be contributed to the error in fabrication due to the slender and soft pins.
In the process of designing the proposed antenna, the radius R c of the small circular patch and width W p of the rectangular radiating patch are the key parameters having significant influence on the impedance match for port 1. In what follows, the simulated |S 11 | with different R c and different W p are plotted in Figure 4 and Figure 5 , respectively. As shown in Figure 4 , the size of the small circular patch affects all the three resonances. With an increase in the value of R c , the first and the third resonances move together towards the lower frequency while the second resonance makes an inverse change, which will make the second resonance merge with the third one, thus narrowing the working bandwidth. It is apparent that when R c equals 1.2 mm, the impedance match reaches its best condition, and either smaller or bigger value will lead to bad performance. See Figure 5 , when W p is enlarged, the first resonance keeps invariant and however, the second and the third ones march together towards the lower frequency. In such a case, the first resonance will unite with the second one sooner or later. For a wide operating bandwidth, a proper value 40.5 mm is selected for the width of the rectangular patch. As for port 2, the distance D p of the short pin from the patch center and the radius of the short pin are the very parameters determining the impedance match condition. For brief, the influence of different pin's radii on |S 22 | is not given out. Figure 6 illustrates the simulated |S 22 | of the proposed antenna with different D p . Obviously, let D p equal 14 mm, the proposed antenna has the maximum bandwidth and good impedance match.
Analysis of Radiation Patterns
The radiation patterns of the proposed antenna for both polarization modes are measured in an anechoic chamber. Port 2 is terminated with a 50-ohm load when the radiation pattern of port 1 is being tested, and vice versa. As illustrated in Figures 7 and 8 , the measured and simulated radiation patterns of the proposed antenna at frequencies of 2.2 GHz and 2.4 GHz for both polarization modes agree very well except for the cross polarization patterns. It can be seen that the main beam of the radiation always lies towards the broadside z-direction without any tilt. Both in E-plane and in H-plane, the detailed cross polarization levels within the main lobes for the two ports are listed in Table 1 . The front-to-back ratios remain over 15 dB and 13 dB for port 1 and port 2, respectively, due to the small metalized ground. See Table 2 , the 3-dB beam widths are also exhibited in detail.
Analysis of Gains
The measured and simulated gains for port 1 and port 2 are plotted in Figure 9 . As indicated, the measured curves coincide with the simulated ones. The gain difference between the two polarizations is mainly ascribed to the two different feeding mechanisms. Over the entire common operating frequency band, the proposed antenna achieves stale and high gains ranging from 6.5 dBi to 8.4 dBi for port 1 and from 7.5 dBi to 8.2 dBi for port 2.
A Thorough Comparison
To compare some of the recent work in wideband dual-polarized patch antenna with the proposed one, Table 3 lists the features in terms of profile, common bandwidth, port isolation and cross polarization levels within main lobes across the entire common frequency band. As observed in the table, there are some antennas with low profile and high isolation but the bandwidths seem not enough. Also, there are some antennas with good performance including wide bandwidth, high isolation and low cross polarization but the profiles seem high. Through the thorough comparison, the proposed antenna exhibits relatively good performance which enables it to be potential in the wireless communication. 
CONCLUSION
In this letter, a low-profile wideband dual-polarized antenna with high isolation and low cross polarization is designed by properly adopting electromagnetically feeding structures. The prototype is built and measured, which achieves a common frequency band from 2.0 GHz to 2.65 GHz for both polarizations. Over the entire common operating frequency band, the isolation between the two ports keeps higher than 32 dB while the cross polarization levels stay lower than −25 dB for port 1 and −20 dB for port 2 within the main lobes. Moreover, in both the horizontal and vertical modes, the proposed antenna obtains relatively high and stable gains. With the good performance, the proposed antenna will easily find its applications in modern communication systems.
